Keith Walters, Imperial College London, Silwood Park Campus, Ascot, Berks SL5 7PY, UK reviews the data that have been generated on neonicotinoid effects on pollinators increased use of other active ingredients (thiamethoxam and clothianidin) have maintained the total area treated.
Pesticides have long been the subject of public and scientific debate. Opinions range from a belief that the potential environmental damage that might result from their use warrants abandonment of these central crop production tools through to endorsement of their continued use under the current registration procedures (which are supported by strict and robust risk assessment). Since their introduction, neonicotinoid insecticides have been subject to the same registration procedures as other groups of pesticides but not withstanding this, during the last ten years they have become a particular focus, with the debate becoming increasingly polarised. At first sight a puzzling aspect of the discussion surrounding the neonicotinoids centres on the recognition that the results of individual studies have frequently been used to support very different and apparently contradictory viewpoints, leading to a barrage of claim and counter-claim in the media. Against this background legislators and politicians throughout Europe have been faced with the need to balance the available evidence to establish whether registration of some or all of this class of insecticides is to continue. How this situation has arisen, and what new information is needed to reach a consensus, have become central questions.
Evolution of the current position:
Since 2001, the use of neonicotinoid insecticides on beeattractive flowering crops, such as oilseed rape, has increased throughout Europe. In the UK for example, a three-fold increase in the area of oilseed rape receiving neonicotinoid 
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have been widely publicised, and were most likely to have resulted from the generation of dust during drilling of treated maize seed (in some cases associated with incorrect treatment of the seed) which was deposited on nearby flowering crops or weeds. In response, changes were made to registration requirements. For example, to limit dust generation, the treatments could now only be applied to seed in professional facilities and the drilling equipment used for such treated seed had to be fitted with deflectors to ensure dust is directed into the soil. In addition, their use on maize was suspended in some countries.
Other exposure routes
It has also been suggested that exposure of bees to high levels of neonicotinoids might also occur through the translocation of the active substance into the guttation fluid produced on the surface of leaves. However, to date, there have been no reports in Europe of significant collection of guttation fluid as a source of water by bees and no significant bee deaths which can be related to exposure via this route (Thompson 2010; Pistorius et al 2012) .
Spray applications of the acutely insecticidally active neonicotinoids (clothianidin, imidacloprid and thiamethoxam) are restricted to crops not in flower and in the absence of flowering weeds, eliminating the risk to pollinators. Only the less acutely active neonicotinoids (acetamiprid and thiacloprid) are permitted to be used in crops in full flower.
A highly studied group of insecticides but with a narrow focus
In parallel with the recorded increase in their use in agricultural production, there has been an unprecedented increase in the number of publications assessing the effects of these insecticides on bees; a literature review encompassing work from the last twenty years revealed over 300 publications on the subject with over 120 published over the last 4 years (Blacquiere et al 2012) . No other class of insecticide used on agricultural crops has received such intense and sustained interest, but further analysis suggests that large gaps in our knowledge of the potential effects of neonicotinoid insecticides on pollinators remain, which are hampering the development of a consensus on their impact.
For example, the majority of the published studies have been directed at sub-lethal and chronic effects in honeybees (Apis) with few on solitary and social bees, or other pollinator groups. Even amongst the studies on non-Apis species most have focused primarily on Bombus (Blacquiere et al 2012) . The focus of the literature is narrowed still further as a large proportion of published honeybee studies address imidacloprid (this insecticide, as above, has now been supplanted by other active ingredients), which features in 75% of the laboratory studies and 90% of the semi-field and field studies; this is reflected in the non-Apis literature.
The narrow focus of the literature has led to an assumption by some that the properties and effects of imidacloprid are representative of all neonicotinoids, but this is unlikely to be the case. For example, the cyano-neonicotinoids are consistently and significantly less biologically active when compared to imidacloprid. There is also a uniquely wide variation in acute oral activity of imidacloprid (ranging from 4-400 ng/ bee), possibly due to its having two active metabolites, a complication not shared by other neonicotinoid insecticides (Suchail et al 2004) . In addition, unlike other neonicotinoids, microsomal mono-oxygenase P450 enzymes do not appear to be a major route of metabolism for imidacloprid (Iwasa et al 2004) . This, and other evidence, suggests that we cannot readily apply conclusions based on studies conducted on one active ingredient to other insecticides.
Extrapolation from data with such limited focus has contributed to the current unresolved debate on the actual environmental impact of neonicotinoids, which has caused difficulties for policy makers arising from contradictory interpretation of the evidence.
Exposure and risk assessment
There is a surprisingly limited dataset on residues in field crops, particularly in nectar and pollen following seed treatments (EFSA, 2012). As a result, in their recent guidance document (EFSA 2013d), EFSA generated predicted residues per unit dose (RUDs) by calculating the quotient of actual residues measured in pollen and nectar (mg/kg) and the amount of active ingredient applied per unit area of crop (kg a.i./ha).
The RUD was then used to calculate predicted environmental concentration (PEC) using the equation: PEC = δ.RUD; where δ = dose rate (kg/ha) Although the RUD approach is well established, it has only been validated for spray applications on seeds and leaves (Hoerger & Kenaga 1972 , Fletcher et al 1994 . Residues accruing in pollen and nectar after systemic seed treatments present a very different situation. As the amount of a.i. used is dependent on the amount applied to the seed, the application rate per unit land area varies only if sowing rates are changed. However, unless the a.i. migrates through the soil to adjacent plants, the amount of a.i. taken up is governed by the amount on the seed from which each plant grows; EFSA (2013a,b,c) indicates that the active substance remains concentrated around the seed. A problem therefore arises as the approach used for calculating the PEC results in the predicted residues in nectar and pollen increasing with increasing seed rate and ignores the issue of low lateral migration rates in the soil matrix.
The PEC was an important consideration in imposing the recent moratorium on neonicotinoid use, and work to reassess and validate the approach by which it is calculated is urgently required if we are to reach a consensus on environmental safety.
This issue may be compounded in some cases by the effects of crop variety, number of flowers per plant varying with seed rate, climate, soil type and the length of time since the crop was sown. For example, the data are not available to support a satisfactory conclusion on whether pollen and nectar from autumn sown crops carry lower residues than those from spring sown varieties. Such questions are of critical importance if we are to achieve balanced conclusions on the future of this class of insecticides (and apply equally to other systemic pesticides applied as seed treatments).
Comparison of exposure pro les in published laboratory studies of sub-lethal effects and potential eld exposure
Most laboratory studies have simulated exposure of pollinators to residues in nectar and pollen, with a few considering direct topical exposure. Comparison of the collated field data on imidacloprid residues in nectar (EFSA 2012) following use as seed treatments with the doses used in published experimental work, shows that most honeybee studies have been conducted at concentrations higher than the maximum measured field concentrations (Figure 2) . It is significant that only studies conducted at exposures at or just above the recorded field maxima resulted in adverse effects, whereas those conducted at rates below the maximum yielded no discernible effect. A similar problem with exposure rates used in experiments arises with studies on non-Apis species such as bumble bees (Figure 3 ), making it difficult to draw conclusions on the impact of any sub-lethal effects in the field. The residue data evaluated by the EC when making decisions on the moratorium all related to seed treatments and granules, which would result in pollinator exposure via nectar and pollen.
Measured residues resulting from spray applications in the field were not available. Such formulations are not used on honeybee-attractive crops in flower, being restricted to preor post-flowering applications. However, the current literature on sub-lethal effects of residues generated by laboratory studies of pre-flowering spray applications, cannot be readily related to the field situation -another gap in our knowledge that hinders robust risk assessment.
These problems are compounded if the temporal exposure profile is not taken into account. For example, the field study of effects on foraging honeybees by Henry et al (2012) was a key factor in the recent suspension of the approval for thiamethoxam-treated oilseed rape in France. It suggested that the ability of bees to return to the colony was reduced following exposure to residues in nectar, but the consequence of the experimental design was to constrain them to consume their estimated daily exposure in a single dose administered in the laboratory with no consideration of metabolism of the pesticide over time (Campbell 2013) . Foraging behaviour suggests that in nature the dose would have been accumulated in around 10 foraging trips over the course of a whole day, and metabolism would reduce the body burden between each. Thus, although the study indicated the pesticide may affect foraging behaviour, it does not reflect a realistic exposure profile in the treated crop. Exposure profile must be carefully designed if future studies are to make a meaningful contribution to the debate on the future of neonicotinoids.
Several other field studies have assessed effects of neonicotinoid seed treatments or spray applications to flowering crops. Residue data are not available for any of these studies making interpretation of the results generated more challenging, and comparison with laboratory and semi-field results difficult. However, where honeybees were allowed to forage on treated crops there have been no adverse impacts reported 
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at the colony level. Indeed two studies have reported reduced visitation rates following a spray application of imidacloprid, potentially reducing exposure (Schnier et al 2003; Kumar & Singh 2012) . Once again, before clear conclusions can be drawn, further work is necessary but future field studies should routinely collect residue data to support exposure assessment.
Sub-lethal endpoints and impact in the eld
The ecological or biological relevance of some of the behavioural or physiological responses used in assessments of sublethal effects of these insecticides have also been debated, introducing further complications into decision making on the future of neonicotinoids.
Review of the published honeybee laboratory studies indicates that a wide range of sub-lethal endpoints have been used to assess impact e.g. visual learning capacity, locomotion, individual and social immunity, and characteristics of foraging activity (Blacquiere et al 2012) . Where effects have been reported at field-realistic concentrations, they have often been related to biomarkers such as acinus diameter in the hypopharangeal gland and the proboscis extension reflex to sucrose. Although such markers may be useful for establishing early indications of responses they have not been directly related to adverse impacts at the free-flying individual or colony levels, and therefore the consequences in the field of any measured changes are not clear. Whereas consistent effects can be demonstrated, more work is again required to understand the relationship between these markers measured in individual confined bees under well controlled laboratory conditions and effects at the colony level with its complex social interactions and responses to other environmental factors.
Conclusions
The current debate surrounding the effect of neonicotinoid insecticides on pollinators and the consequential moratorium on their use under defined circumstances appears to have been based, at times, on narrowly focused, incomplete and in some cases unrepresentative datasets. It is, however, an important debate and it is vital that we arrive at a scientifically based consensus on the actual impact of this class of pesticides so that realistic conclusions can be drawn on their future use. If such a consensus is to be achieved it is essential that further research is urgently undertaken to fill the current gaps in our knowledge and provide robust datasets upon which informed decision making can be based.
It is also important to recognise that concentration on possible effects on pollinators has resulted in less prominence being given to the wider consequences of loss of these pesticides. For example, the proposed ban will increase usage of (and hence selection pressure on) other active ingredients thus increasing the risk of resistance arising and leaving us with fewer options for managing its spread, a risk that is compounded by alternative pest management approaches often not currently being available. Integrated pest management (IPM) and biological control have been promoted as important components of future sustainable crop production. However, much research is required before their potential can be evaluated and fully implemented, particularly in field crops. Some neonicotinoids are also important components of some current IPM protocols (being used in conjunction with natural or introduced predators) and their loss would delay introduction of new systems that will reduce reliance on pesticides. Thus, decisions on the future of these insecticides should not only be based on substantial and reliable scientific evidence on their impact on pollinators, but balanced where necessary with the results of urgent research into alternatives to their use.
In summary, to provide legislators and politicians with a reliable basis for decision making:
Future experimental design needs to take account of the real risks posed by each exposure route for each active substance, under current registration restrictions.
It will need to reflect realistic exposure scenarios, profiles and rates in laboratory, semi-field and field experiments to support the establishment of robust conclusions on the likely sub-lethal effects in the field.
An understanding of the importance of insect metabolism of active substances in ameliorating sub-lethal responses should also be reflected in experimental design and data interpretation, and appropriate insecticide residue data should be routinely collected as part of field experiments.
It is also important that we investigate and attain an improved understanding of the biological relevance (at both the individual and colony level) of the behavioural and physiological responses used in assessments of sub-lethal effects of these insecticides.
Research should be extended to encompass the full range of pollinator groups and insecticides, as the current extrapolation of results gained primarily from work investigating imidacloprid and Apis is inadequate.
In addition it should also not concentrate solely on biological responses of the insects, but incorporate technological developments to limit exposures, such as the recent work to reduce dispersal of dusts at sowing.
Policy makers and legislators also have a role in establishing a solution to the current situation; for example to enhance confidence (in some quarters) in the risk assessment procedure, re-assessment and, if justified, amendment of the methods by which PECs are calculated for seed treatments would be advantageous.
Although there are many research gaps and problems with interpreting existing published work, there is an opportunity to use the period of the moratorium to generate the data needed to establish a basis for balanced decisions on the future of this group of insecticides. Similar issues will inevitably arise in the future for other pesticide groups, so the work of the next two years may set an important precedent; thus it is vital that the science is robust.
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